A new method for vertebral height measurements, morphometric X-ray absorptiometry (MXA) based on dual-energy X-ray absorptiometry, has been proposed. This technique overcomes some limitations of morphometric radiography (MRX ): the effective radiation dose is low, some sources of geometric distortion are eliminated, such as dependence on patient position, magnification gradient, and the effect of scoliosis is minimized. The purpose of this study was to compare morphometric parameters obtained by both methods (MXA and MRX ), and to evaluate the agreement between morphometric evaluations and qualitative reading for vertebral fracture diagnosis. The evaluation was performed with an Hologic QDR 2000 device in 67 women without vertebral fractures and 31 women with vertebral fractures (according to a qualitative assessment). The reproducibility of the image analysis was <4% and comparable to MRX. The estimated bias between the two methods was on average 10 mm, and was a function of the vertebral height, according to the Bland and Altman method. The agreement between MXA and other methods for vertebral fracture diagnosis was poor for the thoracic level above T7, due to a lack of resolution and rib interposition. Agreement was also low for T10, due to the motion of the diaphragm muscle. MXA cannot currently be used for the diagnosis of thoracic vertebral fracture in clinical practice. Technological improvements are necessary to make this promising method useful as a screening tool to evaluate the presence of thoracic vertebral fractures.
O is a skeletal disease characterized by low by the cone beam geometry of the X-rays. Areas closer to the edges of the X-ray are magnified more and bone mass and microarchitectural deterioration of bone tissue with a consequent increase in bone fragility viewed at a more oblique angle, whereas areas closer to the centre of the radiographs are magnified less and and susceptibility to fracture [1] . Vertebral fracture is a hallmark of established osteoporosis. The estimated viewed at a perpendicular angle [10] .
A new morphometric method called morphometric lifetime risk of vertebral fracture due to osteoporosis is 15% in a female population over the age of 50 yr X-ray analysis (MXA), based on a dual-energy X-ray absorptiometry (DXA) technique, has been proposed [2] . Fracture risk increases at least 1.5-3 times for each standard deviation (..) decrease in bone mineral [10, 11] . This method presents some theoretical advantages. The effective radiation dose of the total procedure density [2] . However, for a similar bone mineral density, a prevalent vertebral fracture multiplies the risk of is low: 20-40 microSv with the Hologic QDR 2000 according to the scan speed [12] . On the lateral scan, subsequent vertebral fracture by five as compared to a subject free of fractures. The presence of two fractures the source to spine distance is, in theory, constant regardless of patient position or degree of scoliosis, or more multiplies the risk by 12 [3] . Thus, complete fracture risk evaluation necessitates the consideration thus eliminating geometric distortion. The magnification is constant from L4 to T4. The exposure variation of both the bone mineral density and prevalent fractures [4] .
within thoracic and lumbar spine films is eliminated. Finally, this method may be combined with a densitoIn clinical practice, prevalent vertebral fractures are diagnosed on X-rays, by qualitative assessment. For metric measurement acquired using the same device. However, the validity of results from X-ray absorpclinical studies, various quantitative methods have been proposed [5] [6] [7] [8] [9] . Quantitative reading was developed tiometry is currently being studied [11, [13] [14] [15] [16] . The aim of this study was to evaluate the performance of to minimize subjective viewing and to quantify the extent of vertebral fractures. However, these methods this new method in the diagnosis of vertebral fracture. Gold standards were qualitative reading and quantitatpresent some limitations. For both thoracic and lumbar views, two exposures are necessary: lateral exposure ive digitization of X-ray films. to measure vertebral heights and antero-posterior exposure to identify vertebral level. Thus, the effective MATERIALS AND METHODS radiation dose is high: 2100 microSv [10] . Imperfect Patients superposition of vertebral endplates may result if the During 6 months, all female patients who visited patient is not correctly positioned or if there is an our bone unit for screening for osteoporosis and who obliquity of vertebrae due to scoliosis. Another importhad recently had performed antero-posterior and latant limiting factor is the geometric distortion caused eral X-rays of the thoracic and lumbar spine were considered for this study. The X-rays have been performed in different radiological centres without a preclude correct estimate of vertebrae limits; reason-ably good legibility of all the vertebrae from T4 to T12 on the thoracic lateral view, and L1 to L4 on the lumbar lateral view. A total of 98 Caucasian women were included. Qualitative assessment of the X-rays was performed independently by two investigators, and a consensus was obtained. Vertebral fractures were defined according to Genant's definition; grades 1, 2, 3 were classified as fractured, and grades 0 and 0.5 were classified as not fractured [17] .
Based on the X-rays, 67 patients had no vertebral fracture (mean age 56 ± 13 yr). Thirty-one patients had at least one vertebral fracture (mean age 56 ± 12 yr) with the number of vertebral fractures per patient on average 4.2 (range 1-11). The time between X-ray exposure and MXA was on average 43 days and 50 days for patients without and with vertebral fractures, respectively. No clinical sign of recent vertebral fracture was present (i.e. no back pain, no height loss) in any of these patients.
Techniques
Morphometric radiography (MRX). Digitizing techniques were performed according to Genant's method, using a backlit digitizing table connected to an IBM PC [7] . Morphometric parameters were measured on all vertebral bodies from T4 to L4. Six points were selected: two anterior points were placed at the intersection of a tangent to the anterior wall with the superior and inferior endplates. Two posterior points were placed in the same manner, and two middle points were digitized in the middle of the superior and inferior endplates. When two rims were present because of slight off-centring of the X-ray beam, the middle points were placed in the centre of the ellipse formed by the vertebral endplates. In the case of fracture, points were placed in order to best describe the deformity. Five (posterior height), and the two ratios AH/PH ( Wedge) and MH/PH (Mwedge). We did not calculate the PH/PH ± 1 ratio, because this ratio was not available arm, lateral acquisition was possible in one of two modes: Hi resolution (pixel size 0.5 × 1 mm) with for comparison on the MXA software.
Morphometric X-ray absorptiometry (MXA) . An an 18 min average duration or Array (pixel size 0.9 × 1 mm) with a 9 min average duration. Hologic QDR 2000 (Hologic, Waltham, MA, USA) device with a biphotonic spectra 70-140 KeV fan beam Analysis was performed by the operator on an enlarged video image of the lateral spine. A total of was used.
Patients were positioned on their back with their six points were placed: three on both the superior and inferior endplates (Fig. 2) . The coupled visualization arms folded under their neck to allow good visualization of the thoracic vertebrae. A square cushion was with the antero-posterior spine scan eliminates the uncertainty of point placement. All levels were measplaced under their legs to minimize the physiological lumbar lordosis. ured, although some vertebral contours were not clearly distinguished, above T7. Paired antero-posterior centreline and lateral morphometry scans covering the entire T4-L4 spine were The manufacturer's software was used to calculate three heights: AH (anterior height), MH (middle performed. A preliminary antero-posterior scan lasting 6 min was necessary to determine the centreline of height), PH (posterior height), and the two ratios AH/PH ( Wedge) and MH/PH (Mwedge) (Fig. 3) . the spine. This information was used to adjust the source-to-spine distance to a constant, regardless of patient position or degree of scoliosis. The anteroReproducibility The reproducibility of image analysis (i.e. of marking posterior acquisition also facilitates vertebral level identification ( Fig. 1) . After the rotation of the scanner the films) was assessed in a subgroup of 30 women without fractures (mean age 56 yr) and 30 women with vertebral fractures (of same mean age 56 yr). All scans and X-rays were analysed twice in a masked fashion by the same observer to determine the intra-observer reproducibility of the analysis process, and once by two observers to determine the interobserver reproducibility. Intra-and interobserver reproducibility were evaluated for anterior, middle and posterior heights by the root mean square standard deviation (RMSSD in millimetres) of the replicate measurements and calculated using the following formula:
where di is the difference between the duplicate measurements in the ith subjects and n is the number of subjects. The coefficient of variation (CV in %) was defined by:
×100
where m1 and m2 are the means of the first and second measurements, respectively.
Comparison of heights and ratios by MXA and MRX
In the 67 patients without fractures, we compared visually the plots of the mean ratios measured by Student's t-tests were used for comparison of the means of the ratios. To assess the degree of agreement between the two observer precision was on average 2.7% (0.58 mm) and methods, we compared the results using the method 3.5% (0.66 mm) in these two populations, respectively. described by Bland and Altman [18] . In this method, MXA and MRX plots for ratios in normal patients the difference between the measurements is plotted according to vertebral level are shown in Fig. 4 . The against their mean (which is considered as the best MXA plot of vertebral Wedge ratios (AH/PH ) was estimate of the true value). similar to the MRX curve. The MXA results of vertebLinear regression analysis was performed in the ral Mwedge ratios (MH/PH ) were different from the whole population, using data from all the vertebrae.
MRX results from T9 to L4 (P < 0.05). According to the statistical method of Bland and Altman, the mean Agreement between morphometric evaluations and difference (estimation of the bias) and the .. of qualitative reading the differences were 9.80 ± 2.05, 10.25 ± 1.99 and For morphometric evaluation by MXA and MRX, 9.50 ± 1.69 mm for AH, MH and PH, respectively. vertebrae were considered as fractured if at least one
The differences in PH measurements against the mean of the height measurements (AH, MH, PH ) or height are plotted in Fig. 5 . The differences in measurements ratios AH/PH ( Wedge), MH/PH (Mwedge) was under vary in a systematic way over the range of values: the the value corresponding to a cut-off point. The agreehigher the vertebral height, the larger the difference. ment between MXA and MRX was assessed by the The same results have been obtained for AH and MH kappa scores for various cut-off points: 15%, 20%, 3 (data not shown). .. reduction from the mean of the 67 normal women For the whole spine, in all patients, correlation for each vertebral level and for both methods. The coefficients between height measurements from MXA agreement between MXA and qualitative assessment and MRX were high: r = 0.92, 0.89 and 0.86 for was assessed for the 3 .. reduction in MXA. The AH, MH and PH respectively (P < 0.0001). Slopes, kappa score agreement is considered as very good intercepts and ...s of the linear regression between above 0.8, good between 0.8 and 0.61, moderate the two measurements were MXA = 2.52 + 0.66MRX between 0.6 and 0.41, and poor under 0. 4 [19] . We (... = 1.47 mm), MXA = 4.14 + 0.59MRX (... = compared the number of vertebral fractures obtained 1.41 mm) and MXA = 3.17 + 0.64MRX (... = by qualitative reading, MXA and MRX, respectively.
1.67 mm) for AH, MH and PH, respectively. The same cut-off point (3 .. reduction of heights or
The agreement between MXA and MRX was similar ratios) was chosen for the quantitative methods.
for all cut-off thresholds (data not shown). Kappa analysis performed for each vertebral level showed a RESULTS large range of results. The kappa scores ranged from The intra-and interobserver reproducibilities of the 0.61 to 0.90 for lumbar vertebrae and T12, T11, T9 image analysis results are reported in Table I . Results and T8. The kappa score was 0.51 for T10, and 0.34 were similar (no statistically significant difference) for on average for T7, T6, T5 and T4. Kappa scores for Hi and Array acquisition modes; thus, these results all vertebrae between MXA and qualitative reading were pooled. The intra-observer precisions of duplicate and between MXA and MRX are summarized in heights analysis (PH, MH, AH ) were on average Table II . The discrepancy was more important for the 2.1% (0.44 mm) in the normal population and 2.5% (0.49 mm) in the population with fractures. The interthoracic spine above T7 with the MXA method and The reproducibility of the image analysis in our study is close to the results obtained by Steiger et al.
[10] using the same device. In their study, as in ours, the poorest results were produced for the thoracic level above T9 (reproducibility > 5%). Precision of 4.1, 4.2 and 5.4% for PH, AH and MH, respectively, for duplicate scans has been reported in an osteoporotic population [20] . Hans et al. [11] , using a Lunar Expert device in an osteoporotic population, reported coefficients of variation in the lumbar spine of 2.6 and 4% for the intra-and interobserver reproducibility, respectively. In the thoracic spine, they reported 3.5 and 4.4% for the same coefficients, respectively. These results on the reproducibility of MXA with different devices compare favourably with the 20% reduction of height usually considered to be the threshold for the diagnosis of vertebral fracture [7] .
The discrepancy found for MH/PH ratios ( Fig. 4 ) and the slope of the MH regression line may be MXA scan, the measurement limit is equal to the size of the pixel, whereas it depends only on the graduations of the ruler on an MRX image. For Kushida et al. [15] , the effect of the obliquities in radiographic films disturbs more middle height measurements than anterior height measurements. We found high correlation coefficients for the whole spine, as noticed by Devogelaer et al. [13] . However, such correlations do not mean that the two methods agree. As shown in Fig. 5 , the results of MRX are always higher than those of MXA, but the difference varies over the range of measurement. Normal values obtained by MRX cannot be applied to MXA.
In our study, kappa scores showed discrepancies between MXA and radiographic methods, whatever the cut-off point. This result was, however, vertebral level dependent, and appears to be due to the technical limitations of MXA. The most important of these limitations is the poor visualization of the thoracic vertebrae above T7. For Devogelaer et al. [13] , using the same device in 77 patients, only 6, 31 and 63% of the T4, T5 and T6 vertebrae, respectively, were clearly legible in MXA images. Similar difficulties were F. 5.-Difference against average PH measurements assessed by reported by Johnson et al. [14] , who were able to the two techniques (MXA and MRX ) according to the Bland and Altman statistical method. measure the vertebrae up to T11 in 100% of subjects,
